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ABSTRACT 
Nickel alloys have found ever increasing use in the nuclear sector in recent times. Inconel X750 
and other nickel-based alloys are used in the construction of reactor fuel channels. Thermal 
neutrons cause transmutation of nickel, and the nuclear reactions that take place within some 
nuclear reactor components result in the production of helium. Helium accumulation causes the 
swelling, reduces material strength and finally leads to failure. This project addresses two impact 
areas, viz., i) improving safety of nuclear energy systems and, ii) advancing knowledge on 
nuclear materials used in CANDU (Canada Deuterium Uranium) reactors.  
The project discusses the experiments carried out on helium irradiated pure Ni and Inconel X750 
alloy in order to understand void formation due to helium. SEM (Scanning Electron Microscope) 
and TEM (Transmission Electron Microscopy) analyses were carried out to establish a 
relationship between helium void formation and temperature. In addition, EBSD (Electron 
Backscattered Diffractometry) analysis was carried out to analyse the concentration of helium 
voids at various grain boundaries.  
The project explains in detail the use of SPECTER code to calculate the gas production levels 
and DPA (displacement per atom) and SRIM (Stopping and Range of Ions in Matter) software, 
which was used to carry out the various calculations necessary to perform helium ion 
implantation experiments. As it was difficult to work with irriadted materials from the reactor on 
account of safety concerns, and also cost associated with working with heavily irradiated 
materials, the method of helium ion implantation was adopted for this project. 
Results showed that at higher temperatures both irradiated pure Ni and Inconel X750 alloy 
showed accumulation of voids towards the grain boundaries. TEM and EDS (Energy Dispersive 
Spectroscopy) analysis on irradiated pure Ni confirmed the presence of voids near the grain 
boundaries.  
A statistical relationship was also established between the accumulation of voids and the grain 
boundary misorientation. It was found out that for both irradiated pure Ni and Inconel X750 
alloy the concentration of voids increased with an increase in the grain boundary misorientation. 
This was due to more free volume available at higher angle grain boundaries.          
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CHAPTER ONE 
INTRODUCTION 
1.1 Overview  
Global Warming is one of the most serious and challenging problems faced in the 21
st
 century. 
According to the National Aeronautics and Space Administration (NASA) earth’s average 
temperature has increased by one degree celsius during the last century. The Intergovernmental 
Panel on Climate Change (IPCC) has forecasted a further temperature rise of 2.5 – 10°C for the 
next century. Global warming has some very serious and devastating environmental 
repercussions like rising sea level, melting of glaciers and coastal flooding, intense heat waves, 
changing weather patterns, irreversible damage to biodiversity (plant and animal life), 
destruction of the coral reefs and many more [1]. Emission of greenhouse gases and rampant 
deforestation are two major contributory causes of global warming. According to International 
Energy Agency (IEA) 2010 Report (World Energy Outlook), there has been a 75% increase of 
global energy consumption over a period of 35 years (1973 – 2008). According to IEA the global 
CO2 emissions rose by 4.6% in 2010 which is an increase of nearly 1.3Gt CO2 [2].  
Problems like environmental deterioration, climate change and increasing CO2 emissions are 
urgent challenges which need to be taken care of in the current century itself. In order to tackle 
all these problems some very fundamental, ecologically and economically viable as well as 
environmentally sustainable alternatives for energy generation are needed, especially when most 
of the CO2 emissions are contributed by the energy sector.   
As per the predictions in the United Nations reports, the world population would be around 8.7 
billion by 2035, thereby substantially increasing the demand for energy. In the current scenario 
more than 70% of the energy demand comes from developing nations like India and China. 
China overtook United States as the top CO2 emitter in the year 2007.  So there is urgent need to 
switch to less polluting, more reliable and more efficient ways of energy generation like the 
nuclear energy [3].  
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According to the World Energy Outlook Report (2006 edition) nuclear energy would play a 
major role in reducing CO2 emissions. It is also a cost-effective alternative on account of 
abundant availability of nuclear fuel [3].   
Nuclear energy has various advantages over conventional fuels. Its usage would lead to a 
decrease in the greenhouse gas emissions and it is considered to be extremely efficient and 
reliable. Thus our environmental compulsions prompt us to shift to nuclear power and allocate 
more funds for making nuclear power cheaper and safer for the future.  
Saskatchewan is one of world’s main exporters of uranium, a nuclear fuel used for power 
generation. In 2013, Canada produced 9,331.5 tonnes of uranium from the mines in Northern 
Saskatchewan [4]. This research supports development of materials with improvement in 
performance in operating nuclear reactors. Safety, efficiency, economy, waste minimization and 
fuel burn-up are the most significant areas that need to be studied and improved upon. These 
improvements are considered imperative for next generation of innovative energy systems 
known as Gen IV nuclear reactors. Among many components, Nickel is peerlessly a metal that is 
used to make superior class of materials with good mechanical strength at high temperatures. 
Possessing such properties, these alloys have various industrial applications. On account of their 
good corrosion characteristics, these are used extensively in turbine engines. The use of nickel 
alloys have marked their significant presence in nuclear reactors too. In power reactors, these 
super alloys (in a neutron flux environment) tend to absorb the thermal neutrons. Nickel super 
alloys are being used as garter springs and spacers in the core of CANDU (Canada Deuterium 
Uranium) nuclear reactors.  But they tend to fail over a period of time thus raising concerns for 
the safety of nuclear reactors.   
1.2 Motivation 
Nickel super-alloy Inconel X750 has good creep properties and good mechanical strength at high 
temperatures thus making it an ideal candidate for structural components within reactor cores. 
Inconel X750 contains approximately 70 wt% Ni [5, 6]. Inconel X750 is used as garter springs 
(also known as spacers) in CANDU reactors to maintain a gap between the pressure tube and the 
calandria tube. The limitation with using Inconel X750 spacers is that CANDU reactors have 
extremely high thermal neutron flux spectra, which combined with the high thermal neutron 
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cross section of 
58
Ni present in the alloy, results in radiation damage and production of hydrogen 
and helium [6]. This internal production of hydrogen and helium leads to the formation of gas 
cavities which reduces mechanical strength and finally leads to failure. Previous studies on ex-
service garter springs have shown that helium voids are usually accumulated towards the grain 
boundary of the Inconel X750 alloy [6]. However, there is no sufficient information regarding 
the role of microstructure, texture and grain-boundary structure that effects the diffusion of 
helium and formation of helium-void complexes.     
The effect of grain boundary structure on the accumulation of voids from material irradiated in a 
power reactor has not been studied before. In order to understand the relationship between 
helium voids and grain boundary structure, the method of helium ion implantation was adopted. 
This was imperative as it is difficult to work with ex-service material because of safety concerns 
and cost associated with working with heavily radioactive materials.    
1.3 Research objectives  
 To optimize the method of helium implantation and analysis of bubble formation in pure 
Ni and Inconel X750. 
 To establish a relationship between temperature and the formation of voids in pure Ni and 
Inconel X750. 
 To elucidate the influence of grain boundary structure on the concentration of voids in 
pure Ni and Inconel X750.   
1.4 Thesis arrangement 
The current chapter of the thesis consists of the motivation and objectives of this M.Sc. Research 
Project. Chapter two consists of literature review and previous research on pure Ni and Inconel 
X750 alloy. Relevant information on materials investigated and experimental techniques are 
outlined in chapter three, while chapter four contains results, their analysis and discussion. 
Conclusions drawn from the research are presented in chapter five.    
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CHAPTER TWO 
LITERATURE REVIEW  
2.1 CANDU Reactor 
CANDU reactors were first developed in the late 1950s and 1960s in Canada by a partnership 
between AECL (Atomic Energy of Canada Limited), Ontario Power Generation, GE Canada, 
and other companies. CANDU reactors are also operative in India, Pakistan, Argentina, South 
Korea, Romania and China [6, 7]. It is a Canadian designed power reactor of PHWR 
(Pressurized Heavy Water Reactor) type. CANDU reactors are considered as one of the most 
efficient of all reactors using Uranium, for this type of a reactor does not need a uranium 
enrichment facility and even fuel reprocessing is not required. As a result the operating costs are 
substantially low. This reactor uses heavy water (deuterium oxide) as a moderator. The 
advantage of using heavy water is that it is easily available, can be re-used and on account of its 
low neutron absorption rate, is extremely efficient. A CANDU reactor core comprises of small 
diameter of fuel channels rather than one large pressure vessel. The pressure tubes present inside 
the fuel channel consist of moveable fuel bundles which allow maximum burn-up of all the fuel 
in the reactor core. Many components of the CANDU reactor core are moveable and accessible 
for repairs, thus improving the life expectancy of the reactor core [7]. Figure 2.1 gives an overall 
idea of a CANDU nuclear reactor.  
 
Figure 2.1: CANDU reactor schematic [8].  
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Currently there are 19 operating CANDU reactors in Canada with a net capacity of 13,513MWe 
[9].  
2.2 Fuel Channel Assembly  
The fuel channel assembly of a CANDU reactor consists of zirconium-niobium alloy Zr-
2.5wt%Nb pressure tubes which are centered in calandria tubes made of zirconium alloy. These 
pressure tubes are expanded into stainless steel end fittings at each end. The pressure tubes are 
thermally insulated from the moderator by the annulus gas (such as CO2) between the pressure 
tube and the calandria tube. The pressure tube contains the fuel bundles and the heavy water 
moderator is present outside the calandria tubes. The annulus gas prevents the heat flow from the 
high pressure coolant in the pressure tube to the moderator. The heat loss to the moderator would 
result in a loss of heat efficiency as less heat would be carried to the steam generators [10]. 
Inconel X750 spacers positioned along the length of the pressure tube maintain an insulating gas 
gap and prevent contact between the two tubes. Each end fitting consists of a fuel support plug, 
channel closure and a liner tube [11]. A detailed view of a fuel channel assembly can be seen in 
figure 2.2.   
 
Figure 2.2: CANDU Fuel Channel Arrangement [12]. 
6 
 
CANDU reactors are designed for a target life of around 60 years which could be further 
expanded by the replacement of fuel channels. It is the Inconel X750 spacers present in the fuel 
channel assembly which cause failure of these fuel channels and need to be replaced and 
serviced periodically [11].         
2.3 Inconel X750 in CANDU reactors 
Inconel X750 is a precipitation hardened nickel super-alloy with high strength, corrosion 
resistance and resistance to creep at high temperatures. Precipitation strengthening obtained from 
a fine array of gamma prime, γ1, within the γ matrix contributes to the strengthening in Ni super-
alloys [13]. Precipitation hardening is a heat treatment process that leads to the formation of 
uniformly dispersed particles within a metal's grain structure that strength the metal by hindering 
dislocation motion [13]. This is done by a high temperature solution treatment followed by rapid 
cooling process. It is the rapid cooling which results in strengthening the metal matrix by 
preventing the creation and propagation of lattice defects [13].       
Inconel X750 is used as garter spring- type spacers in the fuel channels of CANDU reactors to 
separate the pressure tubes from calandria tubes and thus maintain an insulating gas gap between 
the hot pressure tube (operating at 260°C - 310°C) and the cold calandria tube (operating at 60°C 
- 70°C). There are approximately 380 horizontal fuel channels in every CANDU reactor which 
consists of four spacers per channel totalling to 1520 Inconel X750 spacers per reactor. [6]. A 
cross sectional schematic of a CANDU fuel channel can be seen in figure 2.3 and figure 2.4.  
 
Figure 2.3: Inconel X750 spacers (garter springs) in a fuel channel of a CANDU reactor [6]. 
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Figure 2.4: Inconel X750 spacers (garter springs) maintaining an insulating gap between the 
pressure tube and calandria tube [6]. 
Post-irradiation examination of Inconel X750 spacers removed from CANDU reactors have been 
done under the supervision of M. Griffiths. The examinations showed embrittlement and lower 
ultimate tensile strength in the irradiated materials compared to the unirradiated materials. The 
embrittlement was characterized by intergranular failure [6]. The reason for intergranular failure 
could be that more He was segregated at grain boundaries due to higher operating temperatures 
in the reactor core [6]. These studies even concluded that there was a higher density of cavities 
along the grain boundaries compared to the matrix [6]. Figure 2.5 shows the images obtained 
from SEM (Scanning Electron Microscope) imaging of the ex-service spacers removed from 
CANDU reactors.  
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Figure 2.5: SEM images of (a) Unirradiated sample and (b) Irradiated sample [6]. 
Figure 2.5 compares the fracture surfaces of unirradiated and irriadiated Inconel X750 spacers. 
These samples were subjected to mechanical testing at room temperature. It is clearly seen that 
the unirradiated sample showed (a) ductile failure whereas the irradiated sample (b)  showed 
intergranular failure which clearly indicates that the helium cavaties are accumulated more 
towards the grain boundaries rather than the bulk of the material [6]. These helium cavaties are 
formed due to the thermal neutron damage of the 
58
Ni which is present in the Inconel X750 alloy.   
2.4 Thermal Neutron Damage   
Inconel X750 contains around 70 wt% Ni out of which 
58
Ni has a concentration of approximately 
68%, which is known to have a high thermal neutron cross section [6, 14]. 
Nickel containing components are susceptible to degradation in the reactors having high thermal 
and epi-thermal neutron flux. This results in a high rate of transmutation of 
58
Ni to 
59
Ni (which is 
not present in natural nickel), followed by various nuclear reactions involving 
59
Ni. 
59
Ni is 
generated by thermal neutron capture by 
58
Ni, which is the most abundant isotope of Ni. 
59
Ni, in 
turn, has high neutron cross-section for the reactions listed below [15, 16].  
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58Ni + n → 59Ni + γ 
59Ni + n → 56Fe + 4He 
59Ni + n → 59Co + H 
59Ni + n → 60Ni + γ 
The 
59
Ni reactions are extremely exothermic and produces charge particles and heavy atomic 
recoils which lead to radiation damage [17].  
CANDU reactors have a high thermal and epi-thermal neutron flux because of which the Ni 
superalloys undergo two-stage transmutation from 
58
Ni to 
59
Ni and degrade. The 
59
Ni so 
generated undergoes various reactions; and as a result helium is produced, which leads to the 
formation of gas cavities. Helium accumulation causes swelling, changes spacer volume, reduces 
mechanical strength, and finally leads to failure. Post irradiated examination on ex-service 
Inconel X750 CANDU spacers indicated a reduced strength and ductility compared to 
unirradiated  material [17, 28] Thus, a clear understanding of bubble formation and their relation 
to the mechanism of failure is of fundamental importance for any application of various nickel-
based alloys in nuclear reactors.    
Role of helium in Ni alloy is however, not well understood. The primary source of helium is the 
(n,α) reactions with the 58Ni and 59Ni isotopes. Thermal fluxes lead to significant helium 
generation over component lifetime. This helium can affect grain boundary integrity as the 
helium is accumulated more at the grain boundary as compared to bulk of the material thus 
inducing cracking which leads to failure [18, 29]. At very high temperatures and for components 
exposed to irradiation for a long time, helium concentrations as low as 5-10 appm (atomic parts 
per million) could induce grain boundary embrittlement for the structures operating under 
sufficiently high stresses. High temperatures are a cause of failure because it has been observed 
that high temperatures promote helium diffusion towards the grain boundary. It is known that the 
Ni alloys’ ductility loss depends on alloy composition and microstructure, neutron dose, 
irradiation damage rate, neutron spectrum, temperature and applied stress. Molecular level 
Embedded Atom Method has been already used to calculate the bonding energy of helium-void 
complexes [19, 30], and an ab-initio study of helium migration and the formation energies of 
clusters has been published [20]. 
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2.5 DPA and gas production analysis 
V.K. Saini carried out a study under the guidance of J. Szpunar and B. Szpunar at the University 
of Saskatchewan, with the aim of finding out DPA (displacement per atom) and gas production 
levels like helium and hydrogen for pure Ni and Inconel X750.  
The computer code SPECTER was used to calculate the gas production levels (helium and 
hydrogen) and DPA over the time period for forty years. In order to run SPECTER, a user needs 
to specify the neutron flux spectrum and composition of the alloy and can calculate displacement 
damage and gas production rates. SPECTER has been developed to provide users with spectral-
averaged cross sections. Each reaction is listed separately and gas production cross sections can 
also be obtained. The program then converts the required master library files into the user’s 
group structure and proceeds to spectral average of all calculated quantities. If an irradiation time 
is specified, the code will provide absolute displacements, gas production and other vital 
information. [20, 21] 
Since the chemical composition of the alloys was given in weight percentage and not in the form 
of atomic composition, one had to divide the weight percentage per atomic mass for each 
component and next this result was divided by the sum of all of atoms. The calculations are 
based on maximum and minimum concentrations of Ni as the concentration of Ni varies in the 
alloy Inconel X750 from supplier to supplier.   
The DPA resulting from helium and hydrogen production was calculated for the different 
elements present in the alloys. Table 2.1 shows the calculated data for Inconel X750 at maximum 
concentration of Ni. 
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Table 2.1: Calculated data for Inconel X750 at maximum concentration of Ni [22].  
DPA HELIUM(appm) HYDROGEN(appm) YEAR 
2.85 503.05 156.32 1 
21.38 6420.12 1433.47 5 
45.73 14467.12 3138.53 10 
68.17 21469.61 4669.19 15 
88.79 27472.65 6033.02 20 
107.84 32614.93 7253.10 25 
125.55 37020.57 8350.31 30 
142.10 40796.16 9342.17 35 
157.65 44031.61 10246.38 40 
(Estimated error ≈ 5%) 
The calculated H, He and DPA as a function of time for Inconel X750 at maximum 
concentration of Ni is shown in Figure 2.6: 
 
Figure 2.6: Calculated helium, hydrogen and displacement per atom for Inconel X750 (at 
maximum concentration of Ni) in the core of the CANDU reactor [20].  
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Table 2.2: Calculated data for Inconel X750 at minimum concentration of Ni [22]. 
 
DPA HELIUM(appm) HYDROGEN(appm) YEAR 
2.78 467.23 145.64 1 
20.50 5962.74 1333.64 5 
43.77 13436.43 2919.52 10 
65.26 19940.05 4343.43 15 
85.06 25515.43 5612.40 20 
103.40 30291.40 6747.86 25 
120.49 34383.21 7769.21 30 
136.50 377889.88 8692.71 35 
151.60 40894.90 9534.80 40 
(Estimated error ≈ 5%) 
Table 2.2 shows the calculated data for Inconel X750 at minimum concentration of Ni and the 
calculated values of H, He and DPA generation as a function of time in the CANDU reactor for 
Inconel X750 at minimum concentrations of Ni is shown in Figure 2.7: 
 
Figure 2.7: Calculated helium, hydrogen and displacement per atom for Inconel X750 (at 
minimum concentration of Ni) in the core of the CANDU reactor [20]. 
It was observed that the gas production rates and DPA (Displacement per Atom) were only 
slightly enhanced at maximum concentration of Ni in the Inconel X750 alloy compared to the 
minimum concentration.  
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Table 2.3 shows the calculated data for pure nickel. 
Table 2.3: Calculated data for Pure Ni [22]. 
DPA HELIUM(appm) HYDROGEN(appm) YEAR 
3.18 688.93 212.12 1 
25.68 8793.28 1953.49 5 
55.43 19814.96 4278.98 10 
82.56 29405.95 6365.60 15 
107.20 37627.93 8223.70 20 
129.68 44670.91 9884.90 25 
150.33 50704.89 11377.80 30 
169.39 55875.87 12726.40 35 
187.11 60306.85 13952.10 40 
(Estimated error ≈ 5%) 
Figure 2.8 shows the calculated values of H, He and DPA generation as a function of time for 
Pure Ni.  
 
Figure 2.8: Calculated helium, hydrogen and displacement per atom for pure Ni [20]. 
From figure 2.8, it is observed that the gas production rates and DPA are significantly higher in 
pure Ni as compared to Inconel X750. It means that higher concentration of Ni in the alloy leads 
to higher gas production rates which would eventually cause failure at a faster rate.   
To summarize, previous studies suggest that Inconel X750 spacers tend to fail over a period of 
time because of transmutation of 58Ni to 59Ni, which then leads to various other reactions 
producing excess helium and hydrogen. It can also be clearly seen that the helium voids are 
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accumulated more towards the grain boundaries rather than the bulk of the material, but there is 
not enough research done which relates the helium accumulation to the type of grain boundaries 
(low energy or high energy). The main focus of this report would be to first optimize the 
technique of helium ion implantation as it is not safe and cost effective to deal with ex-service 
spacers. This will be followed by finding out the optimum temperature to observe the helium 
voids which would help in establishing a relationship between the grain boundary structure and 
the accumulation of voids. All the experiments would be carried out for Inconel X750 and for 
pure Ni since many Ni based alloys are used in the nuclear industry and it would be interesting to 
study the effect of Helium production and degradation of properties of pure Ni. This would help 
to evaluate performance of Ni alloys in present and future nuclear reactors. 
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CHAPTER THREE 
MATERIALS AND METHODOLOGY 
In this chapter I discuss in detail the materials analysed and various experimental techniques that 
were used to achieve the desired objectives. Also in this chapter various difficulties that we faced 
while conducting the experiments are discussed. 
3.1 Materials 
The two metals viz. Pure Ni and Inconel X750 were used for analysis. Pure Ni sheets (with a 
thickness of 0.050″ and 99.9% purity) were ordered from ESPI Metals. Inconel X750 sheets 
(with a thickness of 0.050″) were ordered from Haynes International. Chemical composition (wt. 
%) of Inconel X750 can be seen in Table 3.1[23].  
X750 is a precipitation hardened nickel based superalloy with high strengths upto 1300
ᵒ
F. This 
alloy is known for its corrosion and oxidation resistance properties [23].    
Table 3.1: Chemical composition of Inconel X750 alloy (wt. %). 
Element Wt. % 
Nickel (plus Cobalt) 70.00 min. 
Chromium 14.0-17.0 
Iron 5.0-9.0 
Titanium 2.25-2.75 
Aluminium 0.40-1.00 
Niobium (plus Tantalum) 0.70-1.20 
Manganese 1.00 max. 
Silicon 0.50 max. 
Sulfur 0.01 max. 
Copper 0.50 max. 
Carbon 0.08 max. 
 
3.2 Methodology   
In order to observe the formation of Helium bubbles on Pure Ni and Inconel X750 alloy the 
technique of Helium ion-implantation was adopted (as it was not possible to deal with 
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radioactive specimens from CANDU reactors). This was primarily on account of various health 
and safety concerns.  
The first objective of this study was to optimize the helium ion implantation technique to obtain 
the appropriate amount of helium required to observe voids. A quantity of 1800appm was 
selected because any quantities of helium greater than this would have been difficult to implant 
using the implantation apparatus used and previous studies showed void formation at 1800appm 
[6]. In order to proceed with the helium ion implantation various simulations were done 
using SRIM (The Stopping and Range of Ions in Matter) software which helped us obtain 
various parameters necessary for carrying out the implantations. Details of SRIM simulation are 
discussed below. 
3.2.1 SRIM Simulation 
SRIM (The Stopping and Range of Ions in Matter) software was used to determine the 
implantation parameters and also for the calculation of fluence. SRIM is a combination of 
programs which is used to calculate the range of penetration of ions in matter using a quantum 
mechanical treatment of ion-atom collisions. SRIM was initially released in 1983 by its 
developers James F. Ziegler and Jochen P. Biersack, and is constantly updated [24].  
Implantation parameters like projected range and longitudinal straggling were determined using 
SRIM which were then used for the calculation of fluence and concentration of implanted ions, 
using equations 3.1 and 3.2. Fluence is defined as the number of particles incident on a sphere of 
cross-sectional area. 
                                
                    
   
              (3.1) 
                                 
       
                       
                       (3.2) 
The simulations were carried out at implantation energy of 150 keV, keeping in mind the 
limitations of the implantation equipment used. For each of the specimens (Pure Ni and Inconel 
X750) the simulations were carried out independently at an ion energy range of 150keV.  
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In SRIM the user provides the input information like the implanted ion type, chemical 
composition of the target compound and the ion energy range over which the calculation has to 
be performed.  
Figure 3.1 shows the SRIM input window in which the user provides the information of the ion 
to be implanted, the target metal composition, target metal density and the range over which the 
implantation is to take place. Based on these inputs the software performs various calculations 
and provides us with the output files.   
 
Figure 3.1: SRIM input window. 
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Table 3.2 and Table 3.3 shows the output files from SRIM software for Pure Ni and Inconel 
X750. These output files gives us the projected range and longitudinal straggling for various Ion 
energies which is then used to calculate the concentration of implanted ions and fluence.  
Table 3.2: Output file of SRIM simulation software for Pure Nickel. 
================================================================== 
              SRIM version ---> SRIM-2013.00 
              Calc. date   ---> July 24, 2015  
 ================================================================== 
 
 Disk File Name = SRIM Outputsin Nickel.txt 
 
 Ion = Helium [2], Mass = 4.003 amu 
 
 Target Density = 8.8955E+00 g/cm3 = 9.1274E+22 atoms/cm3 
 ======= Target Composition ======== 
    Atom   Atom   Atomic    Mass      
    Name   Numb   Percent   Percent   
    ----   ----   -------   -------   
     Ni     28    100.00    100.00    
 ==================================== 
 Bragg Correction = 0.00% 
 Stopping Units = MeV / (mg/cm2)  
 See bottom of Table for other Stopping units  
 
     Ion        dE/dx      dE/dx     Projected  Longitudinal   Lateral 
   Energy       Elec.     Nuclear     Range     Straggling   Straggling 
 -------------  ---------- ---------- ----------  ----------  ----- 
 140.00 keV   4.823E-01  6.466E-03    3781 A      1141 A      1160 A    
 150.00 keV   4.977E-01  6.165E-03    3983 A      1162 A      1191 A    
 160.00 keV   5.120E-01  5.894E-03    4180 A      1180 A      1220 A    
 170.00 keV   5.254E-01  5.649E-03    4374 A      1198 A      1248 A    
 180.00 keV   5.379E-01  5.426E-03    4564 A      1214 A      1274 A    
----------------------------------------------------------- 
 Multiply Stopping by        for Stopping Units 
 -------------------        ------------------ 
  8.8952E+01                 eV / Angstrom  
  8.8952E+02                keV / micron    
  8.8952E+02                MeV / mm        
  1.0000E+00                keV / (ug/cm2)  
  1.0000E+00                MeV / (mg/cm2)  
  1.0000E+03                keV / (mg/cm2)  
  9.7456E+01                 eV / (1E15 atoms/cm2) 
  1.0590E+01                L.S.S. reduced units 
 ================================================================== 
 (C) 1984, 1989,1992,1998,2008 by J.P. Biersack and J.F. Ziegler 
 
According to SRIM simulation the projected range and longitudinal straggling for Pure Nickel 
has been estimated to be 3983Å and 1162Å respectively. Using equations 1 and 2 the 
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concentration of implanted ions and fluence has been calculated to be 1.641E+21 ion/cm
3
 and  
3.818E+17 ion/cm
2
 respectively.  
 
Table 3.3: Output file of SRIM simulation software for Inconel X750. 
================================================================== 
              SRIM version ---> SRIM-2013.00 
              Calc. date   ---> July 25, 2015  
 ================================================================== 
 
 Disk File Name = SRIM Outputsin Cr-Fe-Ni-Ti.txt 
 
 Ion = Helium [2], Mass = 4.003 amu 
 
 Target Density = 8.0300E+00 g/cm3 = 8.4855E+22 atoms/cm3 
 ======= Target Composition ======== 
    Atom   Atom   Atomic    Mass      
    Name   Numb   Percent   Percent   
    ----   ----   -------   -------   
     Cr     24    018.02    016.44    
     Fe     26    007.21    007.07    
     Ni     28    072.07    074.22    
     Ti     22    002.70    002.27    
 ==================================== 
 Bragg Correction = 0.00% 
 Stopping Units = MeV / (mg/cm2)  
 See bottom of Table for other Stopping units  
 
    Ion        dE/dx      dE/dx     Projected  Longitudinal   Lateral 
   Energy      Elec.      Nuclear     Range     Straggling   Straggling 
 --------------  ---------- ---------- ----------  ----------  ------- 
 140.00 keV   5.231E-01  6.440E-03    3896 A      1169 A      1194 A    
 150.00 keV   5.400E-01  6.139E-03    4135 A      1179 A      1214 A    
 160.00 keV   5.557E-01  5.869E-03    4308 A      1206 A      1253 A    
 170.00 keV   5.704E-01  5.623E-03    4507 A      1222 A      1280 A    
 180.00 keV   5.841E-01  5.400E-03    4703 A      1238 A      1305 A    
----------------------------------------------------------- 
 Multiply Stopping by        for Stopping Units 
 -------------------        ------------------ 
  8.0297E+01                 eV / Angstrom  
  8.0297E+02                keV / micron    
  8.0297E+02                MeV / mm        
  1.0000E+00                keV / (ug/cm2)  
  1.0000E+00                MeV / (mg/cm2)  
  1.0000E+03                keV / (mg/cm2)  
  9.4629E+01                 eV / (1E15 atoms/cm2) 
  1.0274E+01                L.S.S. reduced units 
 ================================================================== 
 (C) 1984, 1989,1992,1998,2008 by J.P. Biersack and J.F. Ziegler 
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According to SRIM simulation the projected range and longitudinal straggling for Inconel X750 
has been estimated to be 4135Å and 1179Å respectively. Using equations 1 and 2 the 
concentration of implanted ions and fluence has been calculated to be 1.562E+21 ion/cm
3
 and 
3.683E+17 ion/cm
2
 respectively.  
The following table summarizes the data obtained from SRIM and the calculations made, which 
were then used to carry out the Helium ion implantation.  
Table 3.4: Range, Fluence and Concentration of Implanted Ions for Pure Ni and Inconel X-750. 
Sample Projected 
Range(Å) 
Longitudinal 
Straggling(Å) 
Concentration 
of Implanted 
Ions (ion/cm
3
) 
Fluence 
(ion/cm
2
) 
Inconel X750 4135 1179 1.562E+21 3.683E+17 
Pure Ni 3983 1162 1.641E+21 3.818E+17 
  
Once the above parameter was obtained, we started with the helium ion implantation.  
3.2.2 Helium Ion-Implantation 
Helium Ion-implantations were carried out using a Tandem accelerator at the Ion Beam 
Laboratory, University of Montreal. This accelerator was initially installed at the Chalk River 
Laboratories in 1954 and was then transferred to University of Montreal in 1966 [25]. The 
Tandem accelerator works on the same principle as that of a Tandetron.  
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Figure 3.2: Tandetron accelerator at the University of Montreal [25]. 
 
The implantations were carried out using a beam current of 3μA and implantation energy of 
150keV for a time period of 20 minutes. The energy of 150keV was selected considering the 
implantation limitations of the accelerator.  
Ion implantation is a technique by which ions of a material are accelerated in an electric field and 
then impacted into another material.  It is basically a high-energy surface-modification process. 
Ion implantation process does not introduce any dimensional change on the surface of the object 
being treated and is a low temperature treatment process as a result it does not cause thermal 
distortion of the object [26].   
Once the implantation was carried out we moved to our second objective which was to establish 
a relationship between temperature and accumulation of voids.   
3.2.3 Vacuum Annealing  
The post implanted samples were vacuum annealed at 400
ο
C, 500
ο
C, 600
ο
C and 700
ο
C before 
carrying out microstructural evaluation. They were annealed in vacuum in order to avoid 
oxidation. The main purpose behind annealing was to understand the relationship between 
temperature and the production of Helium voids and to initiate the Helium diffusion, as previous 
studies have suggested that Helium voids are formed at higher temperatures thus annealing was 
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done to increase the diffusion rate of Helium, which would help us to observe the Helium 
bubbles at higher temperatures.  
The initial plan was to vacuum anneal the samples in a vacuum furnace but due to non-
availability of a vacuum furnace the samples were vacuum sealed in glass tubes and then heated 
in a Thermo Scientific Thermolyne
TM
 furnace. 
Figure 3.2 shows the various Pure Ni samples which have been vacuum sealed prior to annealing 
at various temperatures.   
 
Figure 3.3: Samples vacuum sealed in glass tubes. 
3.2.4 Microstructural Evaluation 
Microstructural evaluation of the specimens before and after implantation was preceded by 
metallographic sample preparation, which began with hot-mounting of specimens using 
PolyFast, a black bakelite hot mounting resin with carbon filter in a SimpliMet
TM
 XPS1 
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Mounting System. This was followed by grinding and polishing (diamond and vibratory) of the 
specimens to obtain a mirror like finish surface. For the purpose of grinding, 180, 220, 320, 500, 
800, 1200, 2000 and 4000 grade SiC grinding foils were used. Diamond polishing was done 
using 3 µm MD-Mol with 3 µm MD-Mol suspension and 1 µm MD-Nap clothes with 1 µm MD-
Nap suspension. The final stage of polishing was the chemo-mechanical polishing using the 
VibroMet®2 vibratory polisher using MasterMet 2 collidal silica solution (in order to obtain a 
stress-free surface). 
 
3.2.5 Scanning Electron Microscopy (SEM) and Electron Backscattered Diffractometry 
(EBSD) 
SEM and EBSD measurements were performed on implanted, non-implanted, annealed and non-
annealed samples using a SU 6000 Hitachi field emission scanning electron microscope. AZTEC 
2.0 data acquisition software was used to acquire the electron diffraction patterns. The raw 
EBSD data was analysed using Oxford Instruments Channel 5 processing software. This 
software was used to define the grains orientation, grain boundary misorientation and to obtain 
the grain size diameter.  
SEM measurements were done on implanted samples annealed to different temperatures (400
ο
C, 
500
ο
C, 600
ο
C and 700
ο
C) in order to establish a relationship between temperature and 
accumulation of helium voids. Both the alloys were first annealed to different temperatures and 
were then observed using the SEM. SEM scans were made at these temperatures and the required 
relationship was established. 
Once the relationship between the temperature and accumulation of voids was established, 
investigations were initiated towards achieving the last objective of the study viz., to study the 
influence of grain boundary structure on the accumulation of voids. In order to achieve this 
objective, the same annealed samples were used for EBSD analysis but unfortunately no results 
could be obtained. This could be because the samples had oxidized over a period of time due to 
improper storage and constant annealing at different temperatures. The annealing was done in 
vacuum sealed glass tubes but it is believed that vacuum was not sufficiently good. Due to this 
slight oxidation of the samples, the grains were not indexed and thus no diffraction pattern was 
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obtained using EBSD. As a result fresh samples had to be made and a marking technique was 
developed in order to mark the samples. The samples were marked prior to implantation 
followed by EBSD scans over that marked area in order to get the grain map for the non-
implanted samples. The implantation was then carried out on these samples. Once the 
implantation was carried out the samples were then vacuum annealed followed by SEM scans 
over the marked area. After implantation and annealing SEM scans were done and not EBSD 
scans because of a slight oxidation layer that prevented obtaining an EBSD pattern after 
annealing.  
The SEM scans done after implantation and annealing were then compared to the EBSD scans 
obtained prior to implantation. This helped to achieve the relationship between the grain 
boundary structure and the accumulation of voids.    
Micro-hardness marking technique was used in order to observe the same area before and after 
implantation. Marks on the sample were made using a Mitutoyo MVK-H1 Micro-hardness 
Tester. Figure 3.3 shows the mirco-hardness marking done on pure Ni sample.  
 
Figure 3.4: Micro-hardness marking on pure Ni sample. 
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3.2.6 Transmission Electron Microscopy (TEM) 
TEM studies of the implanted annealed samples were done at CanmetMATERIALS, Hamilton, 
Ontario. CanmetMATERIALS is one of the largest research centers in Canada which is 
dedicated to fabricating, processing and evaluating metals and materials [27].  
TEM samples were prepared using the FIB (Focused Ion Beam) lift-out technique. TEM study 
was carried out using FEI’s Tecnai Osiris TEM equipped with X-FEG gun at 200kV and EDS 
(Energy Dispersive Spectroscopy) mapping was done using ESPRIT software.   
TEM imaging was done for pure Ni sample which was implanted and vacuum annealed at 
700
ο
C. TEM imaging was also done at the oxide layer formed due to vacuum annealing of the 
InconelX750 sample. TEM imaging of the oxide layer was done to understand more about the 
oxide formed that created problems performing the EBSD experiments.    
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
This chapter discusses the results and is divided into two sections. The first section discusses in 
details the relationship between annealing temperature and helium void formation and the 
relationship established between helium voids accumulation and grain boundary misorientation 
for Pure Ni. The second section discusses the relationships established for Inconel X750 alloy.     
4.1 Pure Nickel  
Microstructural analysis was performed on pure Ni before and after implantation. SEM scans 
were done to establish a relationship between helium void formation and annealing temperatures 
while EBSD imaging was done to establish a relationship between helium void concentration 
and grain boundary misorientation. TEM imaging was also performed on implanted vacuum 
annealed pure Ni samples which acted as confirmatory tests for helium void formation.  
4.1.1 Relationship between helium voids and annealing temperatures for Pure Ni 
SEM scans were done on pure Ni samples after implantation. After implantation the samples 
were vacuum annealed at different temperatures in order to increase the diffusion of the helium 
atoms. SEM scans were done at all the annealed temperatures to establish a relationship between 
annealing temperatures and helium void formation. 
The images below are the SEM images of vacuum annealed implanted Pure Ni at various 
temperatures.  
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(A) As-received sample; 
(B) Vacuum annealed at 400 οC; 
(C) Vacuum annealed at 500 οC; 
(D) Vacuum annealed at 600 οC. 
(E) Vacuum annealed at 700 οC. 
 
Figure 4.1: SEM scans of Pure Ni. 
Figure 4.1 shows the SEM scans that were done at various annealed temperatures on the pure Ni 
sample. From the above images it could be clearly seen that no voids are observed on the as 
received implanted samples A, whereas voids are observed on the samples which have been 
vacuum annealed to 400
ο
C, 500
ο
C and 600
ο
C i.e., image B, C and D respectively. In image E 
which is a scan of pure Ni implanted and vacuum annealed to 700
ο
C, it can be clearly observed 
that the helium voids are accumulated towards the grain boundary of the sample and very few 
helium voids can be found in the matrix.     
4.1.2 TEM scans of Pure Ni  
TEM imaging of implanted Pure Ni samples were carried out. These samples had been vacuum 
annealed to 700
ο
C. TEM scans were done to confirm the presence of voids around the grain 
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boundaries. Figure 4.2 shows the various images obtained from TEM imaging of the implanted 
and vacuum annealed pure Ni samples.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: TEM scans of Pure Ni. 
From the above scans it could be clearly seen that the voids are concentrated towards the grain 
boundaries of the material rather than the matrix or the bulk of the material. This confirms our 
earlier results obtained from SEM imaging of the pure Ni samples. EDS mapping was also done 
on the same area. From the results obtained (Figure 4.2) we can observe that the voids are having 
a high concentration of nitrogen. There is a high concentration of nitrogen in the voids because 
once the samples are annealed the trapped helium escapes creating a cavity which gets filled with 
air. As a result EDS imaging shows high traces of Ni where voids are formed, thus indirectly 
confirming the presence of helium voids at the grain boundaries rather than in the bulk of the 
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material. It should be noted hydrogen and helium cannot be detected using EDS technique. As a 
result, the EDS imaging shows concentration of nitrogen on the voids and not helium.   
4.1.3 Relationship between concentration of helium voids and grain boundary 
misorientation for pure Ni 
Once the relationship between formation of helium voids and annealing temperature was 
established, our final objective was to establish a relationship between concentration of helium 
voids and grain boundary misorientation. EBSD technique was used to measure misorientation. 
The samples were first marked using micro-hardness technique and then EBSD scans were taken 
over the marked region.  Figure 4.3 shows the EBSD map of pure Ni sample prior to Helium ion 
implantation.  
  
Figure 4.3: EBSD scan of pre-implanted marked Ni. 
Once this EBSD scan was obtained, the samples were implanted with helium ions and were then 
vacuum annealed to 700
ο
C. This was done as we had previously found that at 700
ο
C, helium 
voids are accumulated at the grain boundary of the material. After implantation and vacuum 
annealing, we tried to do EBSD scans on the same area. No diffraction pattern was obtained due 
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to the slight oxidation layer that was formed on the sample. Consequently, we recorded SEM 
scans over this marked implanted vacuum annealed region to establish a relationship between 
helium voids accumulation and grain boundary misorientation. 
The data collected from figure 4.3 was used to obtain the misorientation angle of the grain 
boundaries using the Oxford Instruments Channel 5 processing software. It was then used to 
evaluate the relationship between helium void accumulation and grain boundary misorientation.  
The EBSD map below (Figure4.4) shows the pre-implanted marked area of Pure Ni. The ten 
small white boxes correspond to the ten different areas which were scanned using SEM after 
implantation and vacuum annealing of the sample at 700
ο
C. These areas are studied individually 
for establishing a relationship between the concentration of voids and the misorientation angle.  
   
Figure 4.4: EBSD scan of pre-implanted marked Pure Ni showing the areas used for establishing 
the relationship between the concentration of voids and misorientation angle. 
As discussed above SEM scans were carried out after implanting and vacuum annealing the 
samples. Below are the various SEM images that were taken at the ten different areas marked 
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above. The lines and numbers in these SEM images have been used to refer to the different grain 
boundaries.    
       
 
Misorientation angle for Grain Boundary 1: 61.65
ᵒ 
 
Misorientation angle for Grain Boundary 2: 9.5
ᵒ
 
Misorientation angle for Grain Boundary 3: 55.39
ᵒ 
 
Figure 4.5: SEM Scan of Area 1. 
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Misorientation angle for Grain Boundary 1: 56
ᵒ
 
Misorientation angle for Grain Boundary 2: 45
ᵒ
 
Misorientation angle for Grain Boundary 3: 48
ᵒ 
 
Figure 4.6: SEM Scan of Area 2. 
 
Misorientation angle for Grain Boundary 1: 13
ᵒ
 
Misorientation angle for Grain Boundary 2: 16
ᵒ
 
Misorientation angle for Grain Boundary 3: 12.5
ᵒ 
 
Figure 4.7: SEM Scan of Area 3. 
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Misorientation angle for Grain Boundary 1: 56
ᵒ
 
Misorientation angle for Grain Boundary 2: 12.56
ᵒ
 
Misorientation angle for Grain Boundary 3: 56
ᵒ 
 
Figure 4.8: SEM Scan of Area 4. 
 
Misorientation angle for Grain Boundary 1: 23.2
ᵒ
 
Misorientation angle for Grain Boundary 2: 32.4
ᵒ
 
Misorientation angle for Grain Boundary 3: 12.3
ᵒ 
 
Figure 4.9: SEM Scan of Area 5. 
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Misorientation angle for Grain Boundary 1: 11.26
ᵒ
 
Misorientation angle for Grain Boundary 2: 38.56
ᵒ
 
Misorientation angle for Grain Boundary 3: 33.2
ᵒ 
 
Figure 4.10: SEM Scan of Area 6. 
 
Misorientation angle for Grain Boundary 1: 46.5
ᵒ
 
Misorientation angle for Grain Boundary 2: 20.32
ᵒ
 
Misorientation angle for Grain Boundary 3: 35.68
ᵒ 
 
Figure 4.11: SEM Scan of Area 7.  
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Misorientation angle for Grain Boundary 1: 22.55
ᵒ
 
Misorientation angle for Grain Boundary 2: 50.36
ᵒ
 
Misorientation angle for Grain Boundary 3: 14.26
ᵒ 
 
Figure 4.12: SEM Scan of Area 8. 
 
Misorientation angle for Grain Boundary 1: 50.5
ᵒ
 
Misorientation angle for Grain Boundary 2: 52.2
ᵒ
 
Misorientation angle for Grain Boundary 3: 32.5
ᵒ 
Misorientation angle for Grain Boundary 4: 22.36
ᵒ 
Figure 4.13: SEM Scan of Area 9. 
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Misorientation angle for Grain Boundary 1: 47.63
ᵒ 
Misorientation angle for Grain Boundary 2: 52.3
ᵒ
 
Misorientation angle for Grain Boundary 3: 33.25
ᵒ 
 
Figure 4.14: SEM Scan of Area 10. 
Similarly, the entire implanted area was observed under SEM and the length of each grain 
boundary and number of voids on each grain boundary were calculated. Figure 4.15 shows the 
misorientation profile of Pure Ni sample. This figure was used to establish the relationship 
between the concentration of voids per micron and the misorientation angle. 
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Misorientation Angle Grain Boundary Color 
>10 ........... 
>20 …...… 
>30 Aa aaa 
>40 ….….. 
>50 …. .… 
>60 .......... 
Figure 4.15: The Misorientation angles for all the grain boundaries of Pure Ni.  
In order to obtain the relationship between helium void accumulation and grain boundary 
misorientation, we first calculated the length of the grain boundaries in microns and the number 
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of voids corresponding to each grain boundary using SEM imaging. The data from figure 4.3 and 
figure 4.15 was then used to obtain the misorientation angle of the corresponding grain 
boundaries using the Oxford Instruments Channel 5 processing software. Once we obtained this 
information, the total number of voids in that grain boundary range (for example 10
ᵒ
 - 20
ᵒ
) were 
divided by the total length of the corresponding grain boundaries in that range in order to obtain 
the concentration of voids per micron.   
                                  
                                                       
                                                 
     (4.1) 
Table 4.1: Concentration of voids per micron calculation for misorientation angle range 10
ᵒ
 - 20
ᵒ
 
for pure Ni. 
Grain Boundary 
Misorientation(degree) 
No. of Voids Length of the Grain 
Boundary (micron) 
10.36 6 12.63 
10.44 28 49.63 
10.57 10 9.55 
11.56 12 60.17 
12.05 4 25.69 
12.14 0 32.9 
12.36 21 10.36 
12.77 30 79.69 
12.85 0 5.69 
12.98 13 18.36 
13.73 20 24.4 
14.79 2 0.27 
15.65 20 20.36 
15.8 12 10.32 
18.34 40 28.69 
18.64 10 8.22 
19.42 20 37.69 
19.65 20 30.32 
20 42 30.7 
Total 310 495.64 
Concentration of voids per micron = 310/495.64 = 0.62545 
  
  
 
Table 4.1 shows the calculation of concentration of voids per micron for the misorientation angle 
range 10
ᵒ
 - 20
ᵒ
 for pure Ni, similarly calculations were performed for grain boundaries range            
0
ᵒ
-10
ᵒ
, 20
ᵒ
-30
ᵒ
, 30
ᵒ
-40
ᵒ
, 40
ᵒ
-50
ᵒ
, 50
ᵒ
-60
ᵒ
 and 60
ᵒ
-70
ᵒ
. Table 4.2 and figure 4.16 summarizes these 
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calculations. In table 4.2 it could be seen that the concentration of voids per micron increases 
from 0.63 ± 0.16 for a misorientation angle range 0
ᵒ
-10
ᵒ
 to 1.19 ± 0.16 for a misorientation angle 
range 60
ᵒ
-70
ᵒ
. 
Table 4.2: Calculated concentration of voids per micron for pure Ni. 
Misorientation 
angle range 
Concentration of voids 
per micron 
0
ᵒ
-10
ᵒ
 0 ± 0.16 
10
ᵒ
-20
ᵒ
 0.63 ± 0.16 
20
ᵒ
-30
ᵒ
 0.94 ± 0.16 
30
ᵒ
-40
ᵒ
 1.07 ± 0.16 
40
ᵒ
-50
ᵒ
 1.11 ± 0.16 
50
ᵒ
-60
ᵒ
 1.12 ± 0.16 
60
ᵒ
-70
ᵒ
 1.19 ± 0.16 
 
 
Figure 4.16: Concentration of voids per micron vs Misorientation angle for pure Ni. 
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It can be clearly observed from figure 4.16 that the concentration of voids per micron is 
increasing with an increase in the misorientation angle. This is because the energy of grain 
boundary increases with an increase in the misorientation angle, thus giving more free volume to 
the voids to form and accumulate. In can be clearly seen from figure 4.17 that the grain boundary 
energy is proportional to the volume expansion for pure Ni thereby meaning that at a higher 
energy grain boundary there would be more free volume  and hence more space would be 
available for the helium voids to accumulate.  As a result a high angle grain boundary would 
accumulate more voids as compared to a low angle grain boundary.  
 
Figure 4.17: Relationship between grain boundary energy EGB and volume expansion δV/aο for 
Ni [31]. 
Figure 4.17 was obtained using Embedded-Atom Method (EAM) Molecular Dynamics (MD) 
simulations done by Jian Lu as a work for his Doctor of Philosophy degree at McGill University 
under the supervision of Dr. J. Szpunar [31].   
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4.2 Inconel X750  
Microstructural analysis were performed on Inconel X750 samples before and after implantation. 
SEM scans were done to establish a relationship between helium void formation and annealing 
temperatures while EBSD imaging was done to establish a relationship between helium void 
accumulation and grain boundary misorientation. TEM imaging was also performed on 
implanted vacuum annealed Inconel X750 samples to better understand the oxide layer formed 
during vacuum annealing which prevented us from obtaining good EBSD patterns.  
4.2.1 Relationship between Helium voids and annealing temperatures for Inconel X750 
alloy 
SEM scans were done on Inconel X750 samples after implantation. After implantation the 
samples were vacuum annealed at different temperatures (400
ο
C, 500
ο
C, 600
ο
C and 700
ο
C) in 
order to increase the diffusion of the helium atoms. SEM scans were done at all the annealed 
temperatures to establish a relationship between annealing temperatures and helium void 
formation. 
The images below are the SEM images of vacuum annealed implanted Inconel X750 at various 
temperatures.  
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(A) As-received sample; 
(B) Vacuum annealed at 400 οC; 
(C) Vacuum annealed at 500 οC; 
(D) Vacuum annealed at 600 οC. 
(E) Vacuum annealed at 700 οC. 
 
Figure 4.18: SEM scans of Inconel X750.  
It can be clearly seen that no cavities are observed in the as received implanted samples or in the 
samples which have been vacuum annealed to 400
ο
C, 500
ο
C and 600
ο
C. On the other hand clear 
cavities can be seen in the samples which have been vacuum annealed at 700
ο
C.  It can also be 
observed that after vacuum annealing to 700
ο
C the cavities are accumulated in proximity of grain 
boundaries rather than in the bulk of the material. These results obtained for Inconel X750 are 
similar to those obtained from pure Ni analysis and are even comparable to the experiments 
performed by M. Griffiths at the Canadian Nuclear Laboratories.       
4.2.2 TEM scans of oxide layer formed on Inconel X750 
As discussed earlier, it was difficult to perform EBSD imaging after vacuum annealing of the 
samples due to formation of oxide layer which prevented from obtaining EBSD diffraction 
pattern. As a result TEM mapping of the oxide layer was done to better understand the oxides 
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formed. Figure 4.19 shows the various EDS mapping images obtained from the FEI’s Tecnai 
Osiris TEM with X-FEG gun at 200keV.  
             
             
             
             
             
             
             
             
       
 
 
             
       
 
 
 
 
 
 
 
 
Figure 4.19: EDS scans of Inconel X750. 
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From the scans in figure 4.19 it was confirmed that it was the oxide layer which prevented us 
from obtaining an EBSD diffraction pattern. EDS analysis also showed that the oxide layer 
consists of oxides of chromium and titanium.  Both of these metals are present in the Inconel 
X750 alloy. 
4.2.3 Relationship between concentration of helium voids and grain boundary 
misorientation for Inconel X750 alloy 
Once the relationship between formation of helium voids and annealing temperature was 
established, our objective was to establish a relationship between concentration of helium voids 
and grain boundary misorientation. EBSD technique was used to measure misorientation. The 
samples were first marked using micro-hardness technique. Thereafter, the EBSD scans were 
taken over the marked region. Figure 4.19 shows the EBSD map of Inconel X750 sample prior to 
Helium ion implantation.  
     
Figure 4.20: EBSD scan of pre-implanted marked Inconel X750. 
Once this EBSD scan was obtained then the samples were implanted with helium ions and were 
then vacuum annealed to 700
ο
C. The samples were vacuum annealed to 700
ο
C because we had 
already found out that at 700
ο
C helium voids are accumulated at the grain boundary of the 
material. After implantation and vacuum annealing we tried to do EBSD scans on the same area 
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but no diffraction pattern was obtained because of the slight oxidation layer that was formed on 
the sample as a result we had to do SEM scans over this marked implanted vacuum annealed 
region to establish a relationship between helium voids accumulation and grain boundary 
misorientation. 
The data from figure 4.19 was used to obtain the misorientation angle of the grain boundaries 
using the Oxford Instruments Channel 5 processing software which was then used to establish 
the relationship between helium void accumulation and grain boundary misorientation.  
The EBSD map below is of the pre-implanted marked area of Inconel X750. The ten small white 
boxes correspond to the ten different areas which were scanned using SEM after implantation 
and vacuum annealing of the sample at 700
ο
C. These areas are studied individually for 
establishing a relationship between the concentration of voids and the misorientation angle.  
  
Figure 4.21: EBSD scan of pre-implanted marked Inconel X750 showing the areas used for 
establishing the relationship between the concentration of voids and misorientation angle 
As discussed earlier, on account of slight oxidation, SEM scans were done after implanting and 
annealing the samples. Below are the various SEM images that were taken at the ten different 
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areas marked above. The lines and numbers in these SEM images have been used to refer to the 
different grain boundaries.    
 
Misorientation angle for Grain Boundary 1: 31.2
ᵒ
 
Misorientation angle for Grain Boundary 2: 46
ᵒ
 
Misorientation angle for Grain Boundary 3: 28.1
ᵒ 
Figure 4.22: SEM Scan of Area 1 
 
Misorientation angle for Grain Boundary 1: 30.7
ᵒ
 
Misorientation angle for Grain Boundary 2: 51.7
ᵒ
 
Misorientation angle for Grain Boundary 3: 15.1
ᵒ 
Figure 4.23: SEM Scan of Area 2  
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Misorientation angle for Grain Boundary 1: 47.2
ᵒ
 
Misorientation angle for Grain Boundary 2: 27
ᵒ
 
Misorientation angle for Grain Boundary 3: 28.1
ᵒ 
 
Figure 4.24: SEM Scan of Area 3 
 
Misorientation angle for Grain Boundary 1: 10.5
ᵒ
 
Misorientation angle for Grain Boundary 2: 39.5
ᵒ
 
Misorientation angle for Grain Boundary 3: 49.6
ᵒ
 
Misorientation angle for Grain Boundary 4: 40.2
ᵒ
 
Misorientation angle for Grain Boundary 5: 48.8
ᵒ
 
Misorientation angle for Grain Boundary 6: 28.1
ᵒ 
Misorientation angle for Grain Boundary 7: 15.5
ᵒ 
Figure 4.25: SEM Scan of Area 4 
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Misorientation angle for Grain Boundary 1: 39.5
ᵒ 
Figure 4.26: SEM Scan of Area 5 
 
Misorientation angle for Grain Boundary 1: 33.2
ᵒ
 
Misorientation angle for Grain Boundary 2: 47
ᵒ
 
Misorientation angle for Grain Boundary 3: 43.5
ᵒ
 
Misorientation angle for Grain Boundary 4: 17.5
ᵒ 
Figure 4.27: SEM Scan of Area 6 
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Misorientation angle for Grain Boundary 1: 40.5
ᵒ
 
Misorientation angle for Grain Boundary 2: 54.5
ᵒ
 
Misorientation angle for Grain Boundary 3: 17.6
ᵒ
 
Misorientation angle for Grain Boundary 4: 38.2
ᵒ
 
Misorientation angle for Grain Boundary 5: 46.9
ᵒ 
Figure 4.28: SEM Scan of Area 7 
 
Misorientation angle for Grain Boundary 1: 47.5
ᵒ
 
Misorientation angle for Grain Boundary 2: 38.6
ᵒ
 
Misorientation angle for Grain Boundary 3: 28.1
ᵒ 
Figure 4.29: SEM Scan of Area 8 
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Misorientation angle for Grain Boundary 1: 36.3
ᵒ
 
Misorientation angle for Grain Boundary 2: 46.5
ᵒ
 
Misorientation angle for Grain Boundary 3: 55.1
ᵒ 
Figure 4.30: SEM Scan of Area 9 
 
 
Misorientation angle for Grain Boundary 1: 33.1
ᵒ
 
Misorientation angle for Grain Boundary 2: 44.6
ᵒ
 
Misorientation angle for Grain Boundary 3: 29.8
ᵒ 
Figure 4.31: SEM Scan of Area 10 
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Similarly, as for Ni specimens the entire implanted area was observed under SEM and the length 
of each grain boundary and number of voids on each grain boundary were calculated. Figure 
4.32 shows the misorientation profile of Inconel X750 sample. This figure was used to establish 
the relationship between the concentration of voids per micron and the misorientation angle. 
 
Misorientation Angle Grain Boundary Color 
>10 ........... 
>20 …...… 
>30 Aa aaa 
>40 ….….. 
>50 …. .… 
>60 .......... 
Figure 4.32: The Misorientation angles for all the grain boundaries of Inconel X750 
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In order to obtain the relationship between helium void accumulation and grain boundary 
misorientation for Inconel X750 similar calculations were done as discussed in section 4.1.3 for 
pure Ni specimens.  
Table 4.3: Concentration of voids per micron calculation for misorientation angle range 10
ᵒ
 - 20
ᵒ
 
for Inconel X750.  
Grain Boundary 
Misorientation (degree) 
No. of 
Voids 
Length of the Grain 
Boundary (micron) 
10.5 24 30.69 
12.25 24 20.32 
12.32 22 30.65 
14.25 15 23.36 
14.38 29 45.98 
14.96 15 20.36 
15.16 11 19.65 
15.26 26 39.62 
15.26 20 30.65 
15.32 22 27.69 
15.5 20 30.69 
15.55 13 17.58 
15.69 32 37.25 
16.25 8 15.25 
16.98 12 24.65 
17.36 15 27.62 
17.5 25 45.68 
17.51 19 30.65 
17.56 21 48.36 
17.58 13 29.65 
17.6 9 24.32 
18.69 24 35.96 
19.39 23 52.36 
19.57 25 40.69 
19.63 8 20.69 
19.69 5 19.69 
Total 480 790.06 
Concentration of voids per micron = 480/790.06 = 0.607549 
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Table 4.3 shows the calculation of concentration of voids per micron for the misorientation angle 
range 10
ᵒ
 - 20
ᵒ
 for Inconel X750, similarly calculations were performed for grain boundaries 
range 0
ᵒ
-10
ᵒ
, 20
ᵒ
-30
ᵒ
, 30
ᵒ
-40
ᵒ
, 40
ᵒ
-50
ᵒ
, 50
ᵒ
-60
ᵒ
 and 60
ᵒ
-70
ᵒ
. Table 4.4 and figure 4.33 summarizes 
these calculations. In table 4.4 it could be seen that the concentration of voids per micron 
increases from 0.61 ± 0.16 for a misorientation angle range 0
ᵒ
-10
ᵒ
 to 1.16 ± 0.16 for a 
misorientation angle range 60
ᵒ
-70
ᵒ
. 
Table 4.4: Calculated concentration of voids per micron for Inconel X750. 
Misorientation 
angle range 
Concentration of voids 
per micron 
0
ᵒ
-10
ᵒ
 0 ± 0.16 
10
ᵒ
-20
ᵒ
 0.61 ± 0.16 
20
ᵒ
-30
ᵒ
 0.91 ± 0.16 
30
ᵒ
-40
ᵒ
 1.05 ± 0.16 
40
ᵒ
-50
ᵒ
 1.09 ± 0.16 
50
ᵒ
-60
ᵒ
 1.11 ± 0.16 
60
ᵒ
-70
ᵒ
 1.16 ± 0.16 
 
 
Figure 4.33: Concentration of voids per micron vs misorientation angle for Inconel X750. 
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It can be clearly observed from the graph that the concentration of voids per micron is increasing 
with an increase in the misorientation angle. This is because the energy of grain boundary 
increases with an increase of the misorientation angle thus giving more free volume to the voids 
to form and accumulate. It can be clearly seen from figure 4.17 that the grain boundary energy is 
proportional to the volume expansion for pure Ni. It means that at a higher energy grain 
boundary there would be more free volume thus more space would be available for the helium 
voids to accumulate. Figure 4.17 is taken into consideration here because from figure 4.19 and 
table 3.1 we can see that Inconel X750 contains approximately 70 wt% Ni. Therefore, the 
behaviour of Inconel X750 alloy would be similar to that of pure Ni. To conclude we can say 
that a high angle grain boundary would have higher concentration of voids as compared to a low 
angle grain boundary. 
Table 4.5 and figure 4.34 summarizes the results obtained (from table 4.2 and table 4.4) 
Table 4.5: Concentration of voids per micron for Inconel X750 and Pure Ni. 
Misorientation 
angle range 
Concentration of voids per micron 
Inconel X750 Pure Ni 
0ᵒ-10ᵒ 0 ± 0.16 0 ± 0.16 
10ᵒ-20ᵒ 0.61 ± 0.16 0.63 ± 0.16 
20ᵒ-30ᵒ 0.91 ± 0.16 0.94 ± 0.16 
30ᵒ-40ᵒ 1.05 ± 0.16 1.07 ± 0.16 
40ᵒ-50ᵒ 1.09 ± 0.16 1.11 ± 0.16 
50ᵒ-60ᵒ 1.11 ± 0.16 1.12 ± 0.16 
60ᵒ-70ᵒ 1.16 ± 0.16 1.19 ± 0.16 
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Figure 4.34: Concentration of voids vs misorientation for Inconel X750 and pure Ni. 
It could be clearly seen from table 4.5 and figure 4.34 that for both materials (Pure Ni and 
Inconel X750) the concentration of voids per micron increases with an increase in the 
misorientation angle. In figure 4.34 a similar trend could be seen for pure Ni and Inconel X750 
alloy because the Inconel X750 alloy has around 70% Nickel, therefore its behavior is very 
similar to pure Ni. 
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CHAPTER FIVE 
CONCLUSIONS AND FUTURE WORK 
For this project, pure Ni and Inconel X750 alloy were subjected to various tests in order 
to evaluate the location of He voids. The implantation parameters were thoroughly cross 
checked to standardize the implantation process. SEM and EBSD imaging were done on a 
large number of samples in order to establish a relationship between annealing 
temperatures and helium void accumulation. More than hundred different grain boundaries 
were investigated for each of the materials (pure Ni and Inconel X750 alloy) in order to carry 
out statistical studies and establish a relationship between helium void accumulation and grain 
boundary misorientation. Based on the various tests carried out the following conclusions 
could be drawn: 
 
1. We demonstrated that Tandem accelerator could be used for Helium ion implantation 
which made it possible for us to observe helium voids formed in the implanted 
samples.   
2. With the help of SEM analysis we established a relationship between annealing 
temperature and formation of voids, thus concluded that the diffusion of helium voids 
increases with an increase in annealing temperature.  
3. TEM, EDS and SEM analysis of implanted pure Ni and  Inconel  X750 samples 
vacuum annealed to 700
ο
C confirmed the presence of helium voids predominantly at 
high angle grain boundaries.  
4. We also conclude that the concentration of voids per micron increases with an 
increase in the misorientation angle as the energy of grain boundary increases with 
an increase in the misorientation angle. 
5.1 Recommendations for future work 
 
1. Microhardness tests should also be carried out on implanted and annealed materials 
in order to establish a relationship between implantation and hardness.     
2. In-situ failure analysis should also be done to get a better understanding of the effect 
of grain boundary misorientation on crack nucleation and propagation. 
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